inflammation ͉ nitric oxide ͉ leukocyte ͉ atherosclerosis
inflammation ͉ nitric oxide ͉ leukocyte ͉ atherosclerosis A dhesion molecules play a critical role in leukocyte trafficking. Selectins and their glycoprotein ligands mediate leukocyte rolling along endothelial cells, the first step in leukocyte trafficking (1) (2) (3) (4) . Subsequently, cytokines and chemokines activate leukocytes and endothelial cells to express intercellular adhesion molecules and their integrin ligands, which in turn mediate leukocyte adhesion to endothelial cells (5, 6) . Leukocytes then transmigrate across the endothelial cell barrier and migrate through tissue to the site of injury.
Vascular cell adhesion molecule 1 (VCAM-1) is an intercellular adhesion molecule expressed by endothelial cells (7) . VCAM-1 on the endothelial surface mediates leukocyte adhesion by interacting with its ␣4␤1 integrin ligand, very late antigen 4 (VLA-4; CD49d/CD29), which is expressed on most leukocytes and on stimulated neutrophils (8) . Although resting endothelial cells do not express VCAM-1, treatment with a variety of cytokines or bacterial products induce endothelial cells to express VCAM-1 within 4-12 h. VCAM-1 expression is thought to be regulated primarily at the level of transcription (9) (10) (11) . Elegant cellular studies have shown that a set of transcription factors interact with each other and with the 5Ј flanking region of the VCAM-1 gene to regulate VCAM-1 expression (9). These transcription factors include NF-B, IFN regulatory factor-1 (IRF-1), Sp1, and scaffold factors such as high mobility group I(Y) [HMG I(Y)] (10, 11). Although VCAM-1 expression can be regulated at the posttranscriptional level, the mechanisms by which this occurs are not completely defined (12, 13) .
We hypothesized that an endogenous microRNA (miRNA) molecule regulates VCAM-1 expression and vascular inflammation. miRNA are small noncoding RNA that regulate target genes posttranscriptionally. These endogenously expressed miRNA molecules are transcribed in the nucleus as long primary transcripts (pri-miRNA) that are further processed by the nuclear enzyme Drosha into shorter precursor species (premiRNA), which can then be exported from the nucleus by the Ran-GTP-dependent nuclear export factor, exportin-5 (14) (15) (16) . Once in the cytoplasm, the premiRNA is processed by the cytosolic enzyme Dicer into the mature 20-to 24-nt miRNA species, which forms a complex with the RNA-induced silencing complex (RISC) and represses the expression of target transcripts via binding to complementary sequences in the 3Ј-UTR (17) . miRNA regulate expression of genes by two distinct mechanisms: if miRNA precisely match their target sequence, then the mRNA is degraded by Ago2-RISC; however, if the miRNA contains mismatches to its target, then the mRNA translation is blocked by Ago1-RISC (18) . Accordingly, we searched for miRNA expressed by endothelial cells that might regulate adhesion molecules.
We found that a particular miRNA, miRNA 126 (miR-126), is selectively expressed in endothelial cells. In silico analysis shows that VCAM-1 is a potential target of miR-126. We now show that endogenous miR-126 suppresses VCAM-1 expression, thereby decreasing leukocyte interactions with endothelial cells. Our data suggest that miRNA can regulate vascular inflammation.
Results
We measured the expression of miRNA in endothelial cells by using a microarray (see Materials and Methods). In brief, total RNA from human umbilical vein endothelial cells (HUVEC) was size fractionated, labeled with a fluorescent dye, and hybridized to a microarray chip (n ϭ 3). Of the 500 miRNA probes on the microarray chip, the 26 miRNA with the highest level of expression in HUVEC were identified ( Table 1 ). The most frequently expressed miRNA is miR-126.
To explore the biological role of miR-126, we first defined its expression in endothelial cells. We harvested RNA from a variety of mouse organs and analyzed it for miR-126 expression by Northern analysis. miR-126 is highly expressed in murine lung and heart tissues and also expressed at lower levels in the brain, liver, and kidney (Fig. 1A) . Studying miR-126 expression in primary human endothelial cells and other cell lines, we found that endothelial cells from veins, arteries, skin, and brain all express miR-126 ( Fig. 1 B and C) . However, other cell lines such as vascular smooth muscle cells or leukocyte cell lines do not.
We next attempted to alter levels of endogenous miR-126 in endothelial cells. To decrease endothelial miR-126, we transfected HUVEC with an antisense miR-126 oligonucleotide (AS-miR-126) and measured miR-126 levels by Northern blotting. AS-miR-126 decreases endogenous miR-126 RNA (Fig. 1D  Left) . To increase endothelial miR-126, we transfected HUVEC with an RNA precursor to miR-126 (premiR-126). premiR-126 dramatically increases miR-126 RNA (Fig. 1D Right) .
Computer analysis suggested that miR-126 may be a negative regulator of VCAM-1 expression (see Materials and Methods). To identify potential mRNA transcripts that are regulated by miR-126, we searched through a computer database (Human miRNA Targets, Computational Biology Center, Memorial Sloan-Kettering Cancer Center). In silico analysis revealed that VCAM-1 is a potential target of miR-126. miR-126 has sequence similarity to a region within the 3Ј-UTR of the transcript for human VCAM-1, extending between 604 and 625 ( Fig. 2A) . In particular, the first 6 nt of miR-126 can form base pairs that are complementary to an identical sense sequence of the VCAM-1 mRNA transcript, extending from 619 to 625 within the VCAM-1 3Ј-UTR. Furthermore, another 10 nt of miR-126 can base-pair within 604 and 617 of the VCAM-1 transcript.
To explore the effect of miR-126 on expression of mRNA, we first constructed a reporter vector containing a consensus miR-126-binding site: we synthesized a plasmid encoding the cDNA for luciferase, which included the antisense sequence for miR-126 within the 3Ј-UTR, transfected this reporter plasmid into HEK293 cells with or without premiR-126, and measured luciferase activity in the cell lysates. HEK293 cells transfected with this construct express luciferase (Fig. 2B) . Transfection of premiR-126 into HEK293 cells decreases luciferase expression (Fig. 2B ). These data suggest that miR-126 can regulate expression of transcripts containing an exact miR-126-binding site.
To explore the ability of miR-126 to regulate VCAM-1 mRNA translation, we created additional reporter vectors. These plasmids contained either the endogenous 21-nt miR-126-binding site found in the VCAM-1 3Ј-UTR or a corresponding 21-nt sequence with a scrambled seed sequence. [The miR-126-binding site in the VCAM-1 3Ј-UTR is only partially complementary to miR-126 and is not an exact match (Fig. 2 A) .] HEK293 cells transfected with these constructs express luciferase (Fig. 2C) . Transfection of premiR-126 into HEK293 cells decreases the expression of the wild-type but not the mutant construct (Fig. 2C ). Taken together, these data suggest that miR-126 regulates VCAM-1 expression through a miR-126-binding site in the VCAM-1 3Ј-UTR.
We next sought to determine the effect of miR-126 on VCAM-1 expression. To knockdown miR-126 levels, we transfected HUVEC with AS-miR-126 oligonucleotides for 3 days, then stimulated the transfected cells with TNF-␣ for 16 h, and Total RNA was purified from HUVEC, fractionated by size exclusion column chromatography, labeled with a fluorescent dye, and hybridized to a microarray chip. Expression data were normalized to the level of the highest expressed miRNA (n ϭ 3 Ϯ SD). then measured VCAM-1 expression by immunoblotting. TNF-␣ induces VCAM-1 expression as expected (Fig. 3A) . Transfection of AS-miR-126 oligonucleotide leads to a dose-dependent increase in VCAM-1 expression without affecting other adhesion molecules such as intercellular adhesion molecule 1 (ICAM-1) [ Fig. 3B and supporting information (SI) Fig. 5 ]. Conversely, overexpression of the precursor to miR-126 leads to a decrease in VCAM-1 expression (Fig. 3C) . Quantification of immunoblots showed that AS-miR-126 increases VCAM-1 expression by Ϸ20%, and premiR-126 decreases it by Ϸ20% (Fig. 3D) . Furthermore, premiR-126 decreases cell surface VCAM-1 expression by Ϸ10% (Fig. 3E) . We predicted that miR-126 regulates VCAM-1 expression at the level of translation, because VCAM-1 does not contain an exact match to miR-126 in its 3Ј-UTR. To confirm this prediction, we transfected HUVEC with premiR-126 for 2 days, then stimulated cells with TNF-␣ for 3 h, and measured mRNA expression by Northern blot. The precursor miR-126 does not affect VCAM-1 mRNA expression (Fig. 3F) . Furthermore, experiments with actinomycin D revealed that miR-126 does not affect the half-life of VCAM-1 mRNA (Fig. 3G and SI Fig. 6 ). Taken together, these data show that endogenous miR-126 inhibits VCAM-1 protein expression but not mRNA levels in endothelial cells.
To explore the functional relevance of miR-126, we measured the influence of miR-126 on leukocyte adhesion to endothelial cells. We transfected HUVEC with premiR-126, treated the cells with TNF-␣, added HRP-or 2Ј,7Ј-bis-carboxyethyl-5(6)carboxyfluorescein, acetoxymethyl ester (BCECF-AM)-labeled HL-60 leukocytes, washed the mixture, and measured leukocyte binding to the endothelial cells. TNF-␣ increases leukocyte adhesion to endothelial cells (Fig. 4) . Overexpression of premiR-126 decreased leukocyte binding (Fig. 4 A-C) . Thus, exogenous expression of miR-126 decreases leukocyte adherence.
We next tested whether endogenous miR-126 regulates leukocyte adherence to endothelial cells. We transfected HUVEC with antisense oligonucleotide to miR-126, and then measured leukocyte adherence to TNF-␣-stimulated cells as above. Increasing antisense to miR-126 increases leukocyte adherence (Fig. 4 A, D , and E). We confirmed that leukocyte binding in this assay depends on VCAM-1 by using an antibody that blocks VCAM-1 (Fig. 4F) . Collectively, these data suggest that endogenous miR-126 inhibits leukocyte adherence through the regulation of VCAM-1.
Discussion
Summary. The major finding of our study is that miR-126 inhibits VCAM-1 expression and limits leukocyte adherence to endothelial cells. Our data suggest that miRNA can regulate expression of adhesion molecules and regulate vascular inflammation.
miRNA Regulation of VCAM-1. We have discovered a pathway that controls adhesion molecule expression. Resting endothelial cells do not transcribe mRNA of VCAM-1, but proinflammatory cytokines such as TNF-␣ activate the transcription factors NF-B and IRF-1, which induce VCAM-1 transcription (9). VCAM-1 expression can also be modulated by unknown factors that control its mRNA stability (12, 13) . Our studies define a mechanism for the regulation of VCAM-1 expression: miRNA can inhibit expression of VCAM-1. Because resting endothelial cells express miR-126, perhaps miR-126 normally functions to suppress inflammation in resting cells.
We show that a miR-126-binding site mediates miR-126 suppression of VCAM-1 expression. Exogenous miR-126 suppresses expression of luciferase when a miR-126-binding site is fused to the luciferase 3Ј-UTR (Fig. 2B) . Furthermore, the magnitude of suppression is relatively large, because it results from an exact match between miR-126 and miR-126-binding site sequences. Exogenous miR-126 also suppresses expression of luciferase when its sequence is fused to the miR-126-binding site from VCAM-1 3Ј-UTR. However, because this endogenous miR-126-binding site is only partially complementary to miR-126, the magnitude of suppression is relatively less (Fig. 2C) . This difference in magnitude of miR-126 suppression is explained by studies that demonstrate that miRNA regulate gene expression through two distinct pathways (18) . Precise matches between miRNA and their targets form a complex with RISC-Ago2, which degrades mRNA. Imprecise matches lead to a complex of RISC-Ago1, which suppresses mRNA translation. controls miR-126 expression has not been characterized. The 5Ј flanking region of miR-126 may contain response elements that limit its expression to a subset of cells, including endothelial cells. Although our data suggest that miR-126 regulates an inflammatory pathway, our studies show that TNF has no effect on miR-126 expression (data not shown), implying that the 5Ј flanking region of miR-126 does not contain response elements for inflammatory transcription factors.
Endothelial Cell miRNA. Recent studies have identified specific miRNA expressed in endothelial cells. Sessa et al. (19) used microarray to identify miRNA expression in HUVEC. Of the 25 miRNA that we found most highly expressed in endothelial cells, 10 were also identified by Sessa et al. (19) . The miRNA identified by both us and Sessa et al. (19) include miR-222, miR-221, miR-23a, miR-181a, miR-107, miR-31, miR-103-1,2, miR-320, miR-106, and miR-22. Another study identified 12 miRNA highly expressed in HUVEC that we also found, including miR-126 (20) . Thus, these three studies establish a set of miRNA that are expressed in endothelial cells. Many of these endothelial miRNA are individually expressed in other cell types. However, it is possible that this set of miRNA could be a combination unique to endothelial cells. A recent miRNA atlas presented miRNA expression profiles for multiple cells and tissues (21) . In this study, most miRNA were expressed in a variety of tissues. But one-third of all miRNA were expressed with a greater degree of specificity in particular tissues. miR-126 was highly specific for cardiovascular tissue. Our data confirm these studies: we found that miR-126 was highly expressed in the heart and lungs (Fig. 1) . In addition, the miRNA atlas showed that miR-126 was expressed at lower levels elsewhere, including hematopoietic, endocrine, and reproductive tissues (21) . This prior report of miR-126 in various tissues might simply reflect the vascularity of these organs. We found that miR-126 is expressed in endothelial cells, but not in vascular smooth muscle cells nor in lymphocytic cells (Fig. 1) . The role of miRNA in endothelial biology is largely unknown, and many individual targets of miRNA within endothelial cells have not yet been identified. Sessa et al. (19) sion and c-Kit expression. Our data extend these studies by identifying a miRNA that regulates VCAM-1 expression. We also show that miRNA can target a different aspect of endothelial biology: miRNA can regulate vascular inflammatory pathways. Future studies may identify sets of targets and pathways regulated within endothelial cells by endothelial miRNA.
Materials and Methods
Reagents. HUVEC and endothelial cell basal media (EBM-2) and growth factors were purchased from Lonza. RNA oligonucleotides were purchased from Integrated DNA Technologies or Ambion. The sequence of the antisense miR-126 (referred to as miR-126AS) from Integrated DNA Technologies is as follows: GCAUUAUUACUCACGGUACGA. All bases were modified with a 2Ј-OMe. HUVEC were transfected with siPort NeoFX reagent or Amine reagent (Ambion). VCAM-1 monoclonal antibody, ICAM-1 monoclonal antibody, and control IgG were purchased from Santa Cruz Biotechnology. Luciferase Reporter plasmid was purchased from Ambion. Microarrays were purchased from Combimatrix. Quantitative RT-PCR reagents were purchased from Applied Biosystems.
Endothelial miRNA Analysis. Total RNA was harvested from HUVEC by using TRIzol reagent (Invitrogen) according to the manufacturer's instructions.
Small RNA species, Ϸ20 -30 nt, were fractionated by size-exclusion column chromatography by using Microcon YM-100 (Amicon). Small RNA species were fluorescently labeled with Cy3 by using a Label IT miRNA labeling kit by Mirus and hybridized to a human miRNA 4 ϫ 2K microarray by Combimatrix according to the manufacturer's instructions. Expression data were normalized to the level of the highest expressed miRNA (n ϭ 3). Data were visualized by using the Axon GenePixTM 4200AL scanner and imaging software. We used a computer to search for potential mRNA targets of miR-126. (D) HUVEC were transfected with AS-miR-126 or an AS-control oligonucleotide for 2 days and then treated with TNF-␣ or control for 6 h. HRP-labeled leukocytes were added to the HUVEC, incubated at 37°C for 45 min, and then washed. Adherent cells were lysed, and HRP was assayed by a spectrophotometer at A 450 and calibrated to a standard curve (n ϭ 3 Ϯ SD; * , P ϭ 0.02 for 0 vs. 30 nM AS-miR-126). (E) HUVEC were transfected with AS-miR-126 or a control oligonucleotide for 2 days and then treated with TNF-␣ or control for 6 h. Cell lysates were immunoblotted with antibody to VCAM-1. (F) HUVEC were treated with TNF-␣ or control for 6 h. HUVEC were incubated with antibody to VCAM-1, ICAM-1, or control IgG for 30 min at 37°C. HRP-labeled leukocytes were then added to the HUVEC, incubated at 37°C for 45 min, and washed. Adherent cells were lysed, and HRP was assayed by a spectrophotometer at A 450 and calibrated to a standard curve (n ϭ 3 Ϯ SD; * , P Ͻ 0.02).
